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I. Introduction

It is well known from radiative transfer theory that the
physical parameters characterizing a particular source are
constrained not only by the flux spectrum but also by the angular
size of the source. Fix and Cobb (1988) pointed out that
measurements of the angular size as a function of wavelength, in
the range from 8 to 13 um, can be particularly useful to define the
opacity of dust in circumstellar shells. For stars on the red
giant and asymptotic giant branches of post-main sequence
evolutionary tracks, circumstellar shells are the footprint of
extensive mass loss. The mass loss process appears to be very
common and may be expected to affect both the evolution of the
parent star and the equilibrium of the interstellar medium.
Unfortunately, for most evolved stars, very little angular size
information exists at any wavelength and even less over a range of
wavelengths.

We began a program of one-dimensional (1D) speckle
interferometry to measure the angular diameters of evolved stars at
several wavelengths between about 1 and 13 um, with special
emphasis to the region around 10 um. This spectral region is close
to the maximum of the excess emission radiated by dust in shells
around oxygen-rich stars which is generally attributed to thermal
radiation from small silicate grains.

Results of our surveys to identify potentially interesting
candidate stars have already been published (Dyck et al. 1984;

Benson et al. 1989). In this report we present additional
observations of a number of the brighter and larger angular sized
shells. Both oxygen-rich and carbon-rich stars showing a wide

range of shell optical thicknesses have been included in the study.
This report is the only forum in which some of the data will ever
be published. It is our hope that these data will provide a useful
basis for comparison to sophisticated circumstellar shell model
predictions.

In addition to our own observations, which make up the bulk of
the data presented, we have included estimates of angular diameters
taken from other studies. A summary of all stars considered is
given in Table 2. 1In the remainder of the report we describe the
observations and the qualitative differences seen from one star to
another.

I1I. The Observations and Models

Our basic speckle scanning technique has already been described
(Dyck and Howell 1985; Benson et al. 1989). In Table 1 we have
listed the central wavelengths and bandwidths of the spectral
passband filters used for the observations. Most of the data were
obtained during 1988 and 1989 using the University of Wyoming 2.4-m
telescope on Jelm Mountain in southern Wyoming. Some data were
obtained earlier at the 3.8-m UKIRT, the 3-m IRTF or the 2.2-m
University of Hawaii telescopes on Mauna Kea.




Generally the observations L ]

were made by scanning the image TABLE 1: The spectral filters.
along a north-south position

angle (PA) but these were Name A (um) AL (um)
supplemented with occasional o
observations at other PA. In J 1.25 0.2
Table 2 we have given a log of H 1.65 0.3
the new observations. These K 2'2 0.4
are listed in the last column of L 3.5 0.8
the table (1) as a figure number L' 3.8 0.6
(in the Appendix of this report) ) )
in which the visibility curves M’ 4.8 0.5
are plotted and (2) as dates (in M 5.0 0.6
parentheses) on which the - 7.9 1
observations were taken. - 8:7 1
The data have been plotted N 10 6
in the Appendix, in Figures Al - 10.3 1
through A20, as visibility - 10'4 1
amplitudes, V(S), versus spatial - 11'4 2
frequency, S(cycles/arcsec). - 12'5 0.8
All visibilities have been Q 20 6
normalized to unity at s = 0,

The instrumental and atmospheric m———mrrsessssTEeEE—————
response have been removed by

dividing the raw source visibility by the corresponding visibility
of an unresolved calibrator. Each data set is characterized by the
wavelength and PA of the observation, given in parentheses next to
the graph. We have shown 1-0 error bars when they exceed the size
of the plotted point, where the errors have been determined from
the dispersion among numerous independent sets of observations.
The standard error of the mean has been adopted.

We have computed simple model fits to the data for the purpose
of discussion. These consist either of (1) a single-component
Gaussian brightness distribution characterized by an angular size,
8, which is full-width at half maximum intensity (FWHM) or (2) a
two-component brightness distribution in which one component is a

Gaussian and the other is wunresolved. In this latter case ©
corresponds to the FWHM of the resolved halo and V, to the fraction
of the flux emitted by the unresolved core source. Although the

Gaussian models are not necessarily realistic, they are convenient
and, generally, the angular diameters derived from them are
scalable in a simple way to angular sizes of more appropriate
brightness distributions. Because the models are not fundamental
they have not been shown on the visibility graphs. The results of
the model fits to our observations are given in Table 3. For the
two-component models, we have listed the values of V, in Table 4.
Other estimates of angular size are summarized in Table 5 along
with references to the source of the data.




TABLE 2: A summary of the stars discussed in this report.

AFGL Name Spectrum Figures & Dates
57 T Cas M6-M8
157 CIT 3 Cc Al(11-84)
323 S Per M3 Ia A9(8-89)
482 - C Al(10-81)
489 CIT 5 C4,3
529 NML Tau M8-M11
836 a Ori M2 Iab A2(8-87,2-88,1-89),
Al0(8-88,1-89),A11(1-89),
Al2(1-85)
1111 VY CMa M5 1Ib
1381 IRC+10216 C9,5 A6(12-88),A13(1-89),
Al4(1-89)
1403 CIT 6 Cc4,3 Al5(6-87,1-89)
1606 SW Vir M7 III
1706 RX Boo M8 A7(7-88,8-88),A16(6-88,
8-88,1-89,7-89)
4990 S CrB M6-M8
-- X Her M6
1858 U Her M6-M8
1988 MW Her
2071 VX Sgr M4-M8 I

2205 OH26.5+0.6 M
2390 IRC+10420 F8 1

HM Sge M Al(8-81,6-82)
2465 X Cyg 56,2-5810,4
5447 V1016 Cyg M3 A3(10-81,11-81,6-82)
2559 BI Cyg M4 A7(8-88),A17(8-88)
2560 BC Cyg M4 Al18(8-89)
2632 V Cyg C7,4
2650 NML Cyg M6 IIIX A8(8-88,9-88),A19(8-88,
7-89,8-89)
2781 CIT 13 o] A3(8-81)
2802 n Cep M2 Ia A3(8-81)
3099 - C A4(7-85)
3116 IRC+40540 c8,3.5 A4(11-84)
3136 R Aqr M7 A5(10-81,6-82)
3188 R Cas M6-M8 A20(1-89)

II1. The Variation of Angular Diameter with Wavelength

Ten stars have multiple angular diameter estimates between 2
and 10 um; for these the apparent diameter versus wavelength has
been plotted in Figures 1 and 2. The data have been taken from the
angular sizes tabulated in Tables 3 and 5. 1It is noteworthy that
these data were obtained by both speckle and Michelson
interferometry, by different observers and at different

-6-
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TABLE 3: Model fits to the new observational data.

Star A(um) PA(®) eote(") Star A(um) PA(%) eie(™)
CIT 3 2.2 0 .21+.02 HM Sge 3.8 0 <.15
S Per 7.9 0 .49 .14 HM Sge 4.8 0 .09t.01
S Per 8.7 0 .25 .13 V1016 Cyg 2.2 0 <.12
S Per 10.4 0 .39 .08 V1016 Cyg 3.8 0 .07 .01
S Per 11.4 0 .35 .11 BI Cyg 3.5 0 <.12
S Per 12.6 0 .40 .03 BI Cyg 5 0 <.,09
AFGL 482 3.8 0 <.06 BI Cyg 8.7 0 .14 .04
a Ori 1.25 90 <.04 BI Cyg 10.4 0 .36 .05
a Ori 2.2 0 <.07 Bl Cyg 11.4 0 .31 .08
a Ori 3.5 90 <.10 BI Cyg 12.6 0 .20 .04
a Ori 7.9 0 2.4 .1 BC Cyg 7.9 0 .38 .02
a Ori 7.9 90 1.5 .5 BC Cyg 8.7 0 .27 .07
a Ori 8.7 0 2.2 .1 BCCyg 10.4 0 .37 .09
a Ori 8.7 90 2.6 .1 BC Cyg 11.4 0 .32 .11
a Ori 10.3 0O 2.8 .3 BC Cyg 12.6 0 .13 .04
a Ori 10.3 60 2.4 .3 NML Cyg 2.2 0 .08 .02
a Ori 10.3 90 3.2 .2 NML Cyg 3.5 0 .12 .01
a Ori 10.3 120 2.9 .2 NML Cyg 5 0 .19 .01
a Ori 10.3 150 2.7 .2 NML Cyg 7.9 0 .29 .05
a Ori 10.4 0 2.5 .1 NML Cyg 8.7 0 .31 .07
a Ori 10.4 90 1.9 .1 NML Cyg 10.4 0 .30 .05
a Ori 11.4 0 2.4 .1 NML Cyg 11.4 0 .32 .03
a Ori 12.6 0 2.7 .1 NML Cyg 12.6 0 .30 .07
a Ori 20 0 2.3 .3 cCIT 13 4.8 0 <.15
CIT 6 8.7 90 .15 .07 p Cep 4.8 0 .08 .01
CIT 6 10.4 90 .15 .03 AFGL 3099 2.2 0 .16 .04
CIT 6 11.4 90 23 .03 1RC+40540 2.2 0 .32 .04
CIT 6 12.6 0 .28 .03 R Aqr 2.2 0 3.6 .2

RX Boo 3.5 07 .01 R Aqr 3.8 0 1.8 .1

RX Boo 5 0 <.06 R Aqr 4.8 0 1.4 .1

RX Boo 7.9 0 .15 .03 R Cas 7.9 0 34 .05
RX Boo 8.7 0 .13 .07 R Cas 8.7 0 .29 .03
RX Boo 10.4 0 .27 .06 R Cas 10.4 0 47 .03
RX Boo 11.4 0 .27 .06 R Ccas 11.4 0 .44 .05
RX Boo 12.6 0 .17 .06 R Cas 12.6 0 .46 .04

TABLE 4: Point source contributions in fully-resolved shells.

Star A(um) PA(Y) v, star  A(um) PA(") v, _
@ Ori 7.9 0 0.91 a Ori 10.4 0 0.51
@« Ori 7.9 90 0.94 a Ori 10.4 90 0.61
a Ori 8.7 0 0.85 a Ori 11.4 0 0.57
a Ori 8.7 90 0.87 @ Ori 12.6 0 0.71
a Ori 10.3 0 0.55 a Ori 20 0 0.00
@ Ori 10.3 60 0.64 R Aqr 2.2 0 0.90
a Ori 10.3 90 0.67 R Aqr 3.8 0 0.83
a Ori 10.3 120 0.56 R Aqr 4.8 0 0.83
@ Ori 10.3 150 0.48 ----- -———- -- ----

|
<
)




Table 5: A Summnary of Gaussion FWIIM from Other Studics

Star A PA  ©O+”) Rel
T Cas 100 0°  0.26+.01 1
S Por §am 0°  0.30:k.05 1
CIrs 3.8um 0° <.06 2
4.8,umn 0°  0.07:k.02 2
NML Tan 3.8um 0° <.06 2
er Ori 10um 0° 2.7%.1 1
[1.6pm v° 2.54.2 ks
VY CMa 3.8 0°  0.12+.02 2
4.8 0°  0.14+.02 2
Spm 0.17 4
8.Am 0.29 4
10.2;0mn 0.58 4
Tlpem 0.48 5
. han 0.50 4
Clle 2.2;un 0°  0.06+.01 2
2.2um 90° 0.084.01 2
3.8um 0°  0.10£.02 2
4.8/um 0°  0.14%+.02 2
S 0.12 4
104em 0°  0.33+.01 1
10.20m 0.17 4
12.50m 0.25 4
SW Vir 2.4 90°  0.094.01 6
10s0m 0°  0.28:+.05 1
X Boo 10gem 0°  0.29:.01 1
SCe3 10um 0°  0.244+.05 1
X ller 10 0°  0.224.01 1
U Her 4.6 150° <.10 6
10 0° 261,05 1
MW Her 10em 0° <.24 1
VX Spr 2.210m 0° 0osLut 2
3.8 0°  0.10:L.01 2
O1126.540.6 3.8um 0°  0.074.02 2
3.8/un 90°  0.10+.02 2
4.6pun 90° <.14 ¢
4.6jun 150°  0.15%.05 6
4.84um 0°  0.164+.02 2
4.8 90°  0.114.02 2
8.7um 0° <2 1
9.8;0m 0% 0.50:£.02 7

Reference Key:

-3 It Q3 e

= Benson et al. (1989)
Howell ct al. (1981)
Sutton ct al. (1977)
Fix and Cobb (1988)

2 = Dyck et al. (1984)
4 = Low {1979)

6 = Mariotti et al. (1983)

8 = Sibille et al. (1979)

Star A PA O%¢") Ref
IRC+10420 2.2um 0* 0.07+.01 2
2.2pm 90° 0.074.01 2
3.8pm 0° 0.16+.02 2
38um  90° 0.124.01 2
4.8n 0° 0.19%.01 2
4.8um  90° 0.15%.01 2
Sum 0.25 4
8.4pm 0.33 4
8.7Tum 0° 0.42+.02 1
9.8 pm 0° 0.424.02 7
10.2pm 0.33 4
12.5pum 0.42 4
x Cyg 2.2um 90° <06 2
4.6pm 90° 0.10+.02 6
4.8um 0° o0.11+.02 2
4.8pm 0° o0.08+.01 2
S5pm <.08 4
10pm 0° 0.274.05 1
10.2pm >.25 4
Bl Cyg 10um 0° 0.354.04 1
BC Cyg 104 0° o0.41t01 1
3.5um <.04 4
V Cyg 3.8um 0° <04 2
Snm <.04 4
10.2pm 0.17 4
NML Cyg 2.2um 120° 005 8
2.23m 0° 0.084%.01 2
3.3um  120° 0.09 )
3.5um 0.10 4
3.8um 0°  0.144.02 2
4. 70 120° 0.12 8
4.8pum 0° 0.49+02 2
4.8m  90°  0.151.01 2
Spm 0.15 4
8.4pum 0.33 4
10pm 0° 037+04 7
10pm 0°  0.36%.02 1
10.2pm 0.33 4
11.1pm 0.33 4
12.5pm 0.33 4
R Cas 10 0° 0.33t.01 1
u# Cep 8.4;um <.08 4
10pm 0* 0.37+.05 1
10.2pm 0.21 4
12.5pm 0.21 4




observatories although,

in general the agreement a I T T T T

among the observations = ‘
o

is very good. A | bd
specific example is the a Ori +
case of NML Cyg, the B
data for which are ol-v v Yy o — 086
plotted in Figure 2. 8 -
There 1is very little
scatter 1in the data
indicating that all o N
observers were measuring P VY CMa o
the same quantity and Q

that there is no
evidence that NML Cyg
varies. This 1is 1in
contrast to the
observations of
IRC+10216 which has been
shown to be strongly
variable (in angular
diameter) at 2.2 pm
(Dyck et al. 1991).

00 |— — o4

Angular Diameter (arcsec)

All the plotted data 06 — I
in Figures 1 and 2 show - o
a common f eature, -
namely, that the OH26.5+0.6
apparent diameter
increases with B \t v
increasing wavelength. ~ [ ]
This correlation has 0.0 | 1 1 1 1 o
been previously noted 0 2 4 6 8 10 12 14
(McCarthy 1979; Dyck et Mpm)

al. 1984) and ma be - - :
explained principal{y by Figure 1: Angular diameter (in arcsec)

the temperature VvVersus wavelength (in um) for 5 stars.

variation in the

extended shell (see, e.g., Rowan~-Robinson and Harris 1982; Bediijn
1987). It also depends upon the optical depth in the shell and to
what extent the flux from the underlying star contaminates the
measurement (Dyck et al. 1984).

There are some differences among the ten stars in the details
of the wavelength dependence of the angular diameter. CIT 6, the
one carbon star shown in the figures, exhibits a generally slower
increase of angular diameter between the near infrared (1-5 um) and
10 um than do the oxygen-rich stars. This probably results from
differences in the composition of the dust in the respective
envelopes: Pure carbon dust does not show the prominent, broad
opacity enhancement between 8 and 12 um that is shown by generic
silicates (Draine and Lee 1984). Silicon carbide has a feature at
11.3 um and variable amounts of this material in carbon-star
envelopes could change the ratio of near to mid-infrared diameters.

-9-




0.5 1 T 1 I T T Among the oxygen
& ) ) rich stars there appears
| IRC+10420 o o to be two extremes ~f
® behavior within the 8 to
- ) 4 13 um spectral range.
- @ There are stars like a
00 — - 04 Ori and NML Cyg which
show almost no change of
9 angular size over this
wavelength range. Most
| x Cy - of the stars with
05 b— — oo detailed 10 pm
B wavelength dependence
§+ data are of this type
+ (although we have not
- ¢ plotted the individual
n v ¢ data for all of them).
Then there are RX Boo
and BI Cyg which
N apparently ‘do show a
¢c¢ % © ? - change of angular
- diameter with
33 @ NML Cyg wavelength around 10 pm.
® There is no apparent
05 — =1 90 | correlation with optical
- + depth in the envelope,
with a Ori having the
| ° ° lowest and NML Cyg the
u Cep greatest 10 um optical
u ° v depths. Dyck and Benson
0.0 1 1 1 1 1 1 (1991) have argued that
0 2 4 6 8 0 12 14 these disparate results
Apm) may be explained if it
: - is recognized that a Ori
Figure 2: See Figure 1. is the only star with a
completely resol ved
circumstellar shell at 10 nm. For the remaining stars only partial
resolution is achieved. Then, for the optically thinner shells (RX
Boo and BI Cyg) the apparent variation with wavelength arises from
the differing contribution from the underlying star at different
wavelengths. The "true'" variation of the shell diameter for both
optically thin and thick shells appears to be small over this range
of wavelengths.

0.5

o
o
l
I

Angulor Diameter (arcsec)

This analysis has shown that the opacity in the circumstellar
shell surrounding a Ori is almost identical to that derived by
Bedijn (1987) from the constraint that the flux spectrum must be
matched in two other red giant stars. By postulating that the dust
opacity is identical in all optically thin shells, one may
reproduce the detailed behavior of the partially resolved shells
around RX Boo and BI Cyg. This form of the dust opacity is
reasonably similar to that derived by Gillett et al. (1975) from
the presumed optically thin Trapezium emission. The principal

-10-



difference is a lower value of the red giant circumstellar opacity
at wavelengths near 8.5 um. We have shown the results from this
study in Figure 3, where the individual points are the relative
optical depth derived from the observations of a Ori. The opacity
adopted by Bedijn (1987) is shown, for comparison, as a solid line;
the Trapezium opacity is shown as a dashed line.

| | | { {
1.0
Trel
ol J— e
N I 1 L L | .
7 8 9 10 i 12 13
A pm)
Figure 3: The 10 um relative optical depth, derived from

speckle interferometry of a Orionis. See text for details.

The optically-thicker shells are more problematic because they
show no obvious variation of angular diameter with wavelength.
This is counter to one's simple expectation if the opacity is
similar to that found for the optically-thin shells. 1If the shell
is both physically extensive and optically thick, then one sees, at
any wavelength, to an optical depth of approx1mately T = 1.
Because the opacity varies with wavelength, the physiral depth must
also vary with wavelength for a fixed t. Thus the angular diameter
must vary with wavelength which is counter to what is observed. We
suspect that either the opacity is remarkably different in the two
optical depth extremes (see, e.g., the discussion of opacity
similarities presented by Bedijn 1987) or that the shells
themselves may not be physically very extensive. That is, in the
latter case, their radii may be much larger than their thicknesses.
This is a problem which appears to be well-established by the
observational data but which requires additional theoretical study.

-11-




IV. Conclusions

We have shown in this study that circumstellar shell diameter
measurements are possible with existing single-mirror ground-based
telescopes. A few sources are fully resolved but many are only
partially resolved. For the fully-resolved sources it is possible
to derive the wavelength dependence of the opacity variation in the
shell. A careful study with narrower filters than those employed
in our study could delineate this dependence very accurately. This
technique would allow theoretical workers to make full use of the
power of radiative transfer theory to define empirically the nature
of the dust in shells surrounding evolved stars.

Our measurements were carried out with a 2.4-m telescope and
the largest ground-based telescopes will gain a factor of two in
angular resolution. Inspection of the visibility data plotted in
the Appendix suggests to us that telescopes at least a factor of
five larger will be needed to increase the sample of fully-resolved
sources significantly. This kind of baseline clearly lies in the
venue of multiple-telescope interferometry.

~12-
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APPENDIX

In the following graphs we have plotted the normalized
amplitude of the complex visibility function, V(S), versus spatial
frequency, S, in cycles per arcsecond. The vertical scale is
linear with a difference in V(S) of 0.1 between tic marks. Errors
are shown only when they exceed the size of the plotted point.

Individual star names appear either at the top of the figure,
in which case the entire figure corresponds to that star, or next
to the appropriate data set. The parentheses include the filter
name or central wavelength and the PA of the observation. The
dates of the observations may be found in Table 2.
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